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PtOxThe electrochemical polarization resistance of the oxygen exchange reaction on yttria stabilized zirconia (YSZ)
was investigated by means of geometrically well-deﬁned dense platinum microelectrodes. The polarization
resistance was found to be strongly affected by two different phenomena changing the electrode kinetics.
One process is only observable in oxidizing atmosphere and was almost reversible (i.e. causes degradation
as well as regeneration of the electrode performance). It is attributed to the formation/decomposition of a
PtOx “phase”. The second process leads to continuous degradation and is discussed to be related to impurities
accumulating at the three phase boundary (TPB). The effects of both time dependent phenomena on the elec-
trochemical oxygen exchange at the TPB and at the Pt|YSZ interface are analyzed by means of equivalent cir-
cuits. It can be shown that the PtOx related degradation/regeneration affects both the TPB process as well as
the electrochemical process at the Pt|YSZ interface. The impurity related degradation, however, is demonstrat-
ed to only inﬂuence the TPB kinetics.
© 2013 The Authors. Published by Elsevier B.V.Open access under CC BY-NC-ND license. 1. Introduction
The system Pt(O2)|yttria stabilized zirconia (YSZ) acts as a kind of
model electrode in solid state electrochemistry and is—in terms of
electrode kinetics—often considered to be a relatively simple surface
path system. This means that only processes on surfaces are involved
in the electrochemical reaction and that the region commonly referred
to as three phase boundary (TPB) plays a crucial role in the oxygen ex-
change mechanism [1,2]. However, in several recent studies Pt(O2)|
YSZ was shown to be considerably more complicated than expected
from theoretical considerations and therefore attracted renewed in-
terest in basic research [3–20]. Beside its high fundamental relevance,
Pt is discussed to be a suitable electrodematerial for micro-solid oxide
fuel cells [21–25]. Therefore, an in­depth understanding of the oxygen
exchange process is also of technological interest.
A controversially discussed question deals with the rate limiting
process of oxygen exchange between gas phase and oxide ion con-
ducting electrolyte. Results published in the past have been contradic-
tory; some studies suggested a kinetically slow charge transfer step
[26,27], while others discussed either oxygen adsorption on Pt or sur-
face diffusion or a co-limitation of both to be rate limiting [28–32].x: +43 1 58801 15899.
pitz).
.V.Open access under CC BY-NC-ND liHowever, these studies were mainly performed on porous Pt elec-
trodes which can lead to highly non-trivial electrochemical responses.
To avoid the consequentially challenging data interpretation, well-
deﬁned model electrodes have successfully been introduced in solid
state electrochemistry [33–40]. In such model systems—in contrast
to porous paste systems—the geometry and the microstructure of
the electrode can be varied in a deﬁnedmanner allowing a less ambig-
uous interpretation of measurement results.
Unfortunately, Pt thin ﬁlm electrodes turned out to be prone to
time dependent changes often associated with an increase of the po-
larization resistance (referred to as degradation). One possible origin
of such effects is the segregation of impurities [8,10,19]. For example,
silicon tends to concentrate at the surface of single crystalline YSZ
[41–43] and such processes are suggested to cause degradation phe-
nomena especially in case of TPB-active electrodes [44,45].
Another source of changes in the electrode kinetics of Pt(O2)|YSZ
is associated with the evolution or decomposition of a PtOx “phase”
[5,6,16,17,46]. From adsorption investigations such a platinum
“oxide” is already known to form at elevated temperatures from
adsorbed oxygen species moving to the sub-surface region [47–49].
Since PtOx is not a stoichiometric phase, it does not show a sharp de-
composition temperature and its formation range seems to be rela-
tively broad; discussed stability ranges are 800–1100 K [46], around
900 K [47] and 400–600 K [48]. Despite these discrepancies in pub-
lished values, it is concordantly reported that the amount of oxygen
stored in the subsurface region depends on the temperature. Fur-
thermore, there are studies suggesting a connection between this
platinum “oxide” and the impedance of the Pt(O2)|YSZ model systemcense. 
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change of the electrode behavior.
In our previous studies on model type Pt thin ﬁlm electrodes on
YSZ (100) three different faradayic and two capacitive current path-
ways could be separated [11–14,50]. These different pathways were
experimentally characterized by electrochemical impedance and dc
methods. In a temperature range of 550-900 °C and at equilibrium
conditions (i.e. without additional dc bias) an electrode surface path
with a diffusion limited TPB-process was identiﬁed [11–13]. Whereas
at temperatures lower than 500 °C and at equilibrium conditions a
pathway through the Pt electrode (with rate limiting oxygen diffusion
along grain boundaries) is dominating [13,50]. Under high cathodic
polarization these two pathways are outperformed by an electrolyte
surface pathwith oxygen reduction at the free YSZ surface. In addition,
the electrochemically active sites of the two latter faradayic pathways
could be visualized by 18O tracer incorporation and time-of-ﬂight sec-
ondary ion mass spectrometry (ToF-SIMS) analysis [13,14].
In all the above mentioned studies, the rate limiting step of the
electrode surface path at the TPB was found to strongly depend on
the thermal pre-history of the samples. Both impurity segregation
and changes in a PtOx “phase” are potential causes for these observed
polarization resistance changes. In the present study, thermally in-
duced degradation and regeneration phenomena of Pt microelec-
trodes on single and polycrystalline YSZ were investigated in detail
by impedance spectroscopy. Based on our previous experiences this
experimental method exhibits the most effective way for tracking
degradation/regeneration phenomena.
2. Experimental
2.1. Sample preparation and characterization
Platinum thin ﬁlm microelectrodes were prepared by sputter de-
position (MED 020 Coating System, BAL-TEC, Germany) of platinum
(99.95% pure, ÖGUSSA, Austria) onto yttria stabilized zirconia (YSZ)
electrolyte. Both YSZ (100) single crystals (9.5 mol% Y2O3, Crystec,
Germany) and polycrystalline YSZ were used for this purpose. The
polycrystalline YSZ substrates were produced from YSZ powder
(8 mol% Y2O3, Tosoh, Japan) by isostatic pressing and sintering at
1550 °C for 2 h.
For platinum deposition the substrate was heated to 700–800 °C in
2 · 10−2 mbar argon. At 100 mA sputter current typical ﬁlm thick-
nesses of about 400 nmwere obtained for approximately 10 min depo-
sition time. The Pt ﬁlms were micro-structured by standard photo-
lithography (ma-N 1420 negative photoresist, micro resist technology,
Germany) followed by an etching step in hot nitro hydrochloric acid.
After etching, the samples were annealed for 48 h at 850 °C in air. For
more details regarding themicroelectrode preparation, the reader is re-
ferred to Refs. [11,12].
Scanning electron microscopy (FEI Quanta 200 FEG) was used to
characterize the platinum microelectrodes—the resulting micrographs
are shown in Fig. 1: (a) and (b) display freshly prepared electrodes on
single crystalline and polycrystalline YSZ substrate, respectively. The
thin ﬁlms are dense but Pt grain boundaries are clearly visible, indicat-
ing a polycrystalline growth of the Pt ﬁlm on both substrates. In Fig. 1(e)
circular shapedmicroelectrodes of different diameters are shown. In the
present study, 191 μm (largest), 91 μm (second largest) and 44 μm
(fourth largest) electrodes were used. The Pt thin ﬁlms remained virtu-
ally dense during the measurements as can be seen from Fig. 1(c) and
(d) for electrodes on single and polycrystalline YSZ substrate, respec-
tively (the dark dots in Fig. 1(c) are not pores but bubbles). Therefore
the microelectrodes are considered to be sufﬁciently stable at given
temperatures.
Further thin ﬁlm characterization was done by x-ray diffraction
(XRD) measurements on an X'Pert PRO Diffractometer (Panalytical)
with copper anode and X'Celerator detector with a Ni-Kβ-ﬁlter. Thediffraction patterns in Fig. 2(a) and (b) were obtained on 400 nm
thick annealed Pt ﬁlms on single crystalline (100) and polycrystalline
YSZ, respectively. The Pt ﬁlms on YSZ (100) are exclusively, those on
polycrystalline YSZ predominantly (111) oriented; the latter ones also
exhibit some tiny reﬂexes of other Pt orientations. It should be noted
that after annealing both types of samples also show some small peaks
which could not be identiﬁed; a possible match was found with tetrago-
nal YSZ or an Y2O3 phase. Enrichment of Y-rich phases and impurities at
the surface of YSZwere also found bymeans of low energy ion scattering
(LEIS) as reported in Ref. [42]. However, from our XRD-data an unambig-
uous phase identiﬁcation is not possible so far.
2.2. Electrochemical characterization
Impedance spectroscopy measurements were performed at tem-
peratures between 550 and 760 °C. A detailed description of the
setup for such kinds of electrochemical measurements on microelec-
trodes at elevated temperatures is given in Ref. [13]. The impedance
measurements were conducted using an Alpha-A High Performance
Frequency Analyzer with a POT/GAL 30 V 2A test interface, which
was run in ac mode (hardware and control software: Novocontrol,
Germany). The recorded frequency typically ranged from 500 kHz to
50 mHz, but was adjusted if necessary; the root-mean-square value
of the ac voltage was 10 mV (since this value is signiﬁcantly lower
than kBT/e0 we can safely assume a linear response). To avoid any po-
larization of the Pt electrodes by a possible thermovoltage, a pseudo
4-point measurement with a blocking capacitor was used; details are
described in Ref [13]. In the main part of the study, impedance spectra
were continuously recorded after reaching a certain temperature and
the relations between the time dependence of the impedance and the
measurement temperature or thermal pre-historywere characterized.
The measurements for a given set temperature were only conducted
after a constant local temperature was reached. This temperature sta-
bility was examined from the spreading resistance caused by ion con-
duction in the electrolyte [11,13].
3. Results and discussion of phenomena changing the
electrode kinetics
Electrochemical impedance measurements of Pt microelectrodes
on single crystalline YSZ showed a distinct non-steady state behavior,
and both increasing as well as decreasing polarization resistances
could be observed within the measurement intervals. In the following
these two changes are called degradation and regeneration, respec-
tively. An exemplary measurement showing degradation after an
initial regeneration is depicted in Fig. 3 (previous to the shown mea-
surement at 746 °C the sample was annealed at about 650 °C). This
and a number of other results (further discussion see below) sug-
gested that in case of Pt on YSZ (100) two different processes are in-
volved in the time dependent changes: A reversible one which leads
to either degradation or regeneration and an irreversible one which
causes a continuous degradation. In contrast to single crystalline sam-
ples, Pt electrodes on polycrystalline YSZ exhibited only the reversible
process. It will be shown in the following that experiments using Pt
thin ﬁlm electrodes grown on both single crystalline YSZ (100) and
polycrystalline YSZ enabled us to separate the corresponding process-
es and characterize them individually.
3.1. Pt electrodes on polycrystalline YSZ
Empirically it was found that long thermal pre-treatments of sam-
ples with polycrystalline electrolyte resulted in a stable polarization
resistance without any indication of degradation or regeneration of
the electrode impedance. After changing the temperature to values
above and below the preceding annealing temperature, the electrodes
exhibited regeneration and degradation, respectively. In Fig. 4 such a
Fig. 1. SEM images of Pt thin ﬁlms on YSZ. (a) Surface of freshly prepared Pt on YSZ (100). (b) Surface of freshly prepared Pt on polycrystalline YSZ. (c) Surface of Pt on YSZ (100)
after measurements (the dark dots are blisters). (d) Surface of Pt on polycrystalline YSZ after measurements. (e) Overview of photo lithographically prepared Pt microelectrodes on
YSZ (100).
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(701 °C) does not show any changes of the polarization resistance
with time. Lowering the temperature to 653 °C ﬁrstly increases the
electrode resistance, which is expected for Arrhenius activated pro-
cesses and always found for polarization resistances of electrodes.
However, this change in temperature also triggers a degradation process
observable by a further increase of the resistance with time. Chang-
ing the temperature to 752 °C leads—after the expected decrease
in polarization resistance caused by Arrhenius type activation—to
exactly the opposite phenomenon as before: a further decrease in
resistance with time (referred to as regeneration). After several hours
of measurement, an almost constant impedance response was obtained
at 752 °C, reﬂecting a newly equilibrated situation. A ﬁnal temperature
change back to about the initial temperature—shown in Fig. 4(b)—does
not result in the same spectrum as in the very beginning for 701 °C,
but to a lower polarization resistance exhibiting degradation to-
wards the initial value. The high frequency intercepts of all thesespectra are not affected by any degradation or regeneration process.
They simply reﬂect the temperature dependent YSZ electrolyte re-
sistance (spreading resistance [35]); this is shown in the inset in
Fig. 4(b).
In Fig. 5 the changes of the polarization resistance Rpol with time
are shown for different temperatures. Total electrode polarization re-
sistances were obtained from ﬁts to a simple equivalent circuit model:
RYSZ plus two serially connected R-CPE elements reﬂecting the elec-
trode impedance (R and CPE denote a resistor and a constant phase
element, respectively); Rpol is the sum of the two electrode resis-
tances. Fig. 5(a) depicts the degradation and regeneration of an elec-
trode equilibrated at 701 °C after a temperature change to 653 °C
and 752 °C, respectively (for raw data see Fig. 4). The plot in
Fig. 5(b) illustrates the effect of thermal pre-history on the time de-
pendence of the total polarization resistance. The electrodes were
previously annealed at different temperatures but then all were mea-
sured at 701 or 702 °C. The initial resistance at 701 °C is higher for a
Fig. 2. (a) Diffraction pattern of a 400 nm Pt thin ﬁlm on single crystalline YSZ (dark blue) compared with the pattern of the pure YSZ (100) substrate (red) and a Pt reference
(powder diffraction ﬁle number 00-004-0802 [60]; light blue). (b) Diffraction pattern of a 400 nm Pt thin ﬁlm on polycrystalline YSZ (dark blue) with the pattern of the pure sub-
strate (red) and the Pt reference (light blue).
Fig. 3. Evolution of the total polarization resistance Rpol of oxygen exchange on a
191 μm Pt electrode on YSZ (100) at 746 °C with time (the sample was previously
annealed at about 650 °C). After a ﬁrst decrease the resistance starts to continuously in-
crease with time.
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“memory” of the preceding heat treatment becomes lost and the resis-
tances approach the value of equilibration at 701 °C.
These and a number of further measurements indicate the exis-
tence of the following effects of thermal pre-history on the polariza-
tion of Pt(O2)|poly-YSZ: (i) Changing the temperature to higher
values triggers a regeneration process. This process reaches a limit
after which virtually no further changes of the polarization resistance
could be observed. (ii) Lowering the temperature causes a degrada-
tion phenomenon which was not observed to converge towards a
limiting resistance within typical measurement times.
The Pt electrodes on polycrystalline YSZ were also electrochemi-
cally characterized in reducing atmosphere (2.5% H2/2.5% H2O/95% Ar).
Under these conditions neither degradation nor regeneration could
be found after temperature changes—see Fig. 6(a). A decrease or
increase of the temperature from 689 °C to 643 °C or 740 °C, for ex-
ample, only caused Arrhenius-type variations of the polarization re-
sistance without any subsequent changes. This observation already
suggests a contribution of oxygen to the degradation/regeneration
phenomena; it will be further discussed in Section 3.3.
Fig. 4. Impedance spectra (Nyquist plots) obtained on 191 μm Pt microelectrodes in ambient air. (a) Pt electrodes on polycrystalline YSZ. 653 °C: The polarization resistance in-
creases frommeasurement to measurement; 701 °C: stagnation of the polarization resistance; 752 °C: The polarization resistance decreases towards a new equilibrium. (b) Spectra
at 701 and 752 °C from (a) plus measurements obtained after changing the temperature from 752 to 702 °C. The inset shows a magniﬁcation of the high frequency part (the axis
intercept reﬂects the spreading resistance of ion conduction in YSZ [35]).
Fig. 5. Plot of the total polarization resistance of 191 μmPt electrodes on polycrystalline
YSZ vs. the measurement time. (a) The measurements were done at 653 and 752 °C
after annealing at 701 °C on the heating stage of the measurement setup (for raw
data see Fig. 4(a)). (b) All three measurements were performed at 701 or 702 °C but
each curve reﬂects a different thermal pre-treatment.
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As already mentioned in the beginning of Section 3, Pt electrodes
on single crystalline YSZ electrolyte exhibited a second process chang-
ing the electrode kinetics with time in addition to the one described
in Section 3.1: Even though again both degradation and regeneration
were found (cf. Fig. 3), the electrodes did never equilibrate, i.e. they
never reached a steady state. Rather, on a long time scale they ex-
hibited continuing degradation for all chosen measurement condi-
tions. To only investigate the long time degradation (i.e. the second
process) the sample was annealed on the setup's heating stage prior
to the impedance measurements until the initial regeneration effect
had ceased. In Fig. 7(a) the subsequent continuous resistance increase
is shown. The linear behavior in a plot of the total polarization resis-
tance vs. the square root of time suggests a diffusion driven degrada-
tion process (see Fig. 7(b); the very ﬁrst points of the 657 °C curve
were not considered in the linear ﬁt—most probably they were still
slightly inﬂuenced by the initial reversible process).
Also on the samples with single crystalline electrolyte impedance
measurements in reducing atmosphere (2.5% H2/2.5% H2O/95% Ar)
were conducted, the corresponding spectra are depicted in Fig. 6(b).
In contrast to the polycrystalline samples, the electrodes on YSZ (100)
also degraded under these reducing conditions (compare Fig. 6(a) and
(b)). This behavior strongly suggests that in case of Pt on YSZ (100)
two different processes are contributing to the changes in polarization
resistance with the reversible one being the same as for the polycrystal-
line sample. The irreversible one is absent on polycrystalline YSZ.
It is also quite interesting that the resistance increase during the
continuous degradation was more pronounced if the microelectrode
was touched by the Pt/Ir tip which was used for electric contacting.
Since the sample on the corresponding heating table was heated
only from the bottom, temperature gradients cannot be avoided and
may further be increased by touching the microelectrodes with
contact tips [11]. Furthermore, in most cases an annealing step in a
(homogeneously heated) furnace led to a signiﬁcant decrease of the
polarization resistance which could not only be explained by the re-
generation effect discussed in Section 3.1. This behavior could be a
hint that temperature gradients within the YSZ might play a role for
the continuous process.
Fig. 6. Impedance spectra (Nyquist plots) of 191 μm Pt electrodes measured in reducing atmosphere (2.5% H2/2.5% H2O/95% Ar). (a) Pt electrodes on polycrystalline YSZ. (b) Pt
electrodes on YSZ (100).
Fig. 7. (a) Plot of the total polarization resistance of 191 μm Pt electrodes on YSZ (100)
vs. the measurement time. (b) Data in (a) plotted vs. the square-root of time (the very
ﬁrst data points of the 657 °C curve were not considered for the ﬁt).
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One peculiarity of the reversible effect is its characteristic temper-
ature dependence, where a temperature decrease results in degrada-
tion while an increase results in regeneration. It has already been
reported in literature that the formation of non-stoichiometric PtOx
at the Pt surface or the Pt|YSZ interface can signiﬁcantly inﬂu-
ence electrochemical processes of Pt electrodes on solid electrolytes
[5,6,16,46]. Despite stoichiometric platinum oxides are not stable
above ca. 600 K the existence of thin non-stoichiometric PtOx layers
has been reported at temperatures as high as 1100 K [46]. Conse-
quently, presence of PtOx on the Pt electrodes of this study also
seems to be very likely. Changes in the stoichiometry of PtOx accord-
ing to PtOx + y/2 O2 ⇌ PtOx + y should depend on temperature.
Owing to entropy reasons higher oxygen content can be assumed to
be favorable at lower temperatures and vice versa. Moreover, the
thickness of PtOx may increase with increasing temperature [5,6].
The impedance measurements of Pt|poly-YSZ in H2/H2O atmo-
sphere strongly support the assumption of PtOx being involved in
the reversible changes—cf. Section 3.2 and Fig. 6(a). Under these
reducing conditions PtOx would hardly exist and neither regeneration
nor degradation effects should be present, what is in accordance with
the measurements shown in Fig. 6(a). In agreement with these con-
siderations we suggest that the reversible effect is caused by changes
of a PtOx “phase” at the Pt surface and/or the Pt|YSZ interface and
thus also in the TPB region.
3.4. Interpretation of the continuous degradation
In addition to its irreversibility during measurements the continu-
ous degradation phenomenon differs from the reversible one by its
response to reducing conditions. While the reversible effect vanishes,
the continuous one is not affected when measuring Pt electrodes on
YSZ (100) in H2/H2O atmosphere—compare Fig. 6(a) and (b). Conse-
quently a contribution of PtOx species to the continuous degradation
is excluded.
A possible explanation of the continuous degradation process is
associated with the existence of impurities at the TPB. It is already
well known that at elevated temperatures silicon containing impuri-
ties as well as Y-rich phases easily accumulate at YSZ single crystal
surfaces [42,51] and hamper the oxygen exchange rate at the TPB of
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the YSZ surface and the TPB during measurements could be responsi-
ble for the continuous degradation effect. The difference between
polycrystal and single crystal might then simply be caused by different
purity levels leading to different segregation rates. Moreover, impuri-
ties also tend to segregate to YSZ grain boundaries [52]. Thus the
amount of impurities reaching the surface of polycrystalline YSZ is fur-
ther decreased strongly compared to the single crystalline one, where
the surface offers the only interface for segregation.
A signiﬁcant dependence of the polarization resistance on impuri-
ties at the TPB was already discussed in one of our previous studies on
Pt(O2)|YSZ [13] where an inﬂuence of the preparation method and
thus the thermal pre-history on the electrode performance was ob-
served. Moreover, impurities accumulating at the YSZ surface and
the TPB can also explain the large variability of the polarization resis-
tances found in literature, owing to the diversity in thermal treatments
and used electrolytes of different studies.
4. Impedance analysis and electrochemical interpretation
4.1. Equivalent circuit
In a previous study [12], existence of a diffusion limited oxygen re-
duction reaction at the TPB was suggested from current voltage mea-
surements with a very pronounced cathodic limiting current. Based
on this knowledge an equivalent circuit was presented in Ref. [12]
which already considered a rate limiting diffusion of oxygen species
through a foreign phase at the TPB—this circuit is shown in Fig. 8(a).
The observations in the present study gave evidence that the rele-
vant foreign phase at the TPB consists of impurities and/or PtOx. The
diffusion limited electrochemical TPB process is represented by the
generalized ﬁnite length Warburg element GFW1 [53] with imped-
ance ZGFW deﬁned by
ZGFW ¼
RGFW ⋅ tanh i⋅ω⋅τð Þ
i⋅ω⋅τð Þp ð1Þ
where i is the imaginary unit, ω the angular frequency, and RGFW, τ
and p are ﬁtting parameters. The circuit element CPE1 denotes a con-
stant phase element which accounts for the Pt|YSZ interfacial capaci-
tance. The additional electrochemical pathway—here represented by
the GFW2 element which is blocked by capacitor C2—could not be
interpreted in the previous study [12]. However, such a capacitively
blocked pathway is indeed necessary to sufﬁciently describe the
high frequency shoulder in the impedance spectra which is magniﬁed
in the insets in Fig. 8(b) and (c). When assuming PtOx at the Pt|YSZ
interface to exhibit mixed ionic and electronic conductivity, an addi-
tional pathway comes into play. The current via this reaction pathway
is associated with stoichiometry changes of the PtOx interlayer; elec-
trons are supplied from Pt, ions from YSZ. It should be noted that the
electrochemical reaction on and the transport of oxygen ions through
such a mixed conductor is correctly described by a rather complex
circuit which was introduced and discussed by Jamnik and Maier in
Refs. [54,55]. In the present case, however, such a circuit would certainly
lead to an over-parameterization. Hence, the pathway via GFW2 + C2 in
our circuit does not represent an exact physical model, but is a simpliﬁca-
tion of the exact model which is suitable for data parameterization.Fig. 8. (a) Equivalent circuit used for ﬁtting the impedance spectra (R denotes a resis-
tor, C a capacitor, CPE a constant phase element and GFW a generalized ﬁnite Warburg
element). (b) Nyquist plot of measured impedance spectra (closed symbols) obtained
on Pt|poly-YSZ samples and corresponding ﬁts (open symbols). The inset is a magniﬁ-
cation of the high frequency part. (c) Nyquist plot of measured impedance spectra
(closed symbols) obtained on Pt|YSZ (100) samples and corresponding ﬁts (open sym-
bols). The inset shows the high frequency region. The sample measured at 633 °C was
rather freshly prepared, whereas the other one at 642 °C was degraded. (d) Magniﬁca-
tion of (c) showing the 633 °C spectrum.
Fig. 9. Arrhenius diagrams of the geometry corrected ﬁt parameters—equivalent circuit
shown in Fig. 8(a)—for three differently sized microelectrodes. (a) GFW-R1,
(b) GFW-R2, (c) C1 and C2.
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from polycrystalline as well as single crystalline samples; the mea-
sured impedance spectra (closed symbols) and their corresponding
ﬁts (open symbols) are depicted in Fig. 8(b) and (c), respectively. Fit
errors were usually in the range of some percent and below as already
shown in [12]. Fits were possible for virgin as well as strongly degrad-
ed electrodes, which can be seen in Fig. 8(c) and (d); only the mea-
surements in reducing atmosphere could not be described by the
circuit in Fig. 8(a).
4.2. Geometry and temperature dependence of ﬁt parameters
The ﬁt parameters obtained on YSZ (100) samples were analyzed
in terms of their geometry and temperature dependencies. Therefore
impedance measurements on differently sized microelectrodes (191,
91, and 44 μm in diameter) were conducted at temperatures be-
tween about 650 and 750 °C. Since both time dependent phenomena
show different response to temperature changes, it is not possible to
completely eliminate both simultaneously. In order to minimize the
electrodes variability, the samples were initially annealed in a
(homogeneously heated) furnace at 850 °C for 48 h in order to start
from a moderate “impurity-degraded” state with only slow further
degradation, cf. Fig. 7. For each set temperature, the sample was ini-
tially equilibrated on the heating stage of the measurement setup in
order to approach the “PtOx-equilibrated” situation. The measure-
ment times were kept as short as possible. At every temperature,
two electrodes of each diameter were measured and on each individ-
ual electrode two impedance spectra were recorded.
For the ﬁtting procedure, the constant phase element CPE1 in
Fig. 8(a) was replaced by an ideal capacitor. This minimally reduces
the accuracy of the ﬁt, but allows obtaining a true capacitance value
for the interfacial capacitor. According to the interpretation of the
equivalent circuit mentioned above, the resistive ﬁt parameter
GFW-R1 should be related to the TPB-length (LTPB) and GFW-R2
as well as C1 and C2 are expected to scale with the area (AME) of
the microelectrodes. The correspondingly normalized quantities 1/
(GFW-R1 · LTPB), 1/(GFW-R2 · AME), C1/AME and C2/AME are shown
in the Arrhenius diagrams in Fig. 9. Obviously, the data of differently
sized microelectrodes coincide in these plots indicating that the
expected geometry dependencies are indeed found: The dc polariza-
tion resistance GFW-R1 is inversely proportional to the TPB length
while all other parameters scale with the electrode area. In case of
the TPB process, this is consistent with previous results [11–13] and
further supports the conclusion that the nature of the rate liming
TPB process on Pt|YSZ is indeed a diffusive one.
The activation energy of the TPB-process (1.31 ± 0.04 eV) is in
acceptable agreement with previously published results [11–13].
However, the rate limiting step of the electrodes in the present study
is two orders of magnitude faster (i.e. the value of 1/(R1 · LTPB) is
two orders of magnitude higher) than in case of comparably prepared
Pt microelectrodes in Ref. [11]—this is depicted in Fig. 10. The most
important difference between the electrodes of the two studies was
the thermal treatment before the impedance experiments. While in
the present study the electrodes were measured with only short
annealing times on the heating stage of the measurement setup,
those in Ref. [11] were pre-annealed for longer times on the setup's
heater and were thus strongly degraded.
Capacitance C1 was found to be between 30 and 60 μF/cm2 and can
thus indeed be interpreted as the interfacial capacitance of Pt|YSZ
[26,56]. Both ﬁt parameters of the capacitively blocked pathway
show area-related behavior and the activation energy of GFW-R2
(1.13 ± 0.06 eV) signiﬁcantly differs from that of GFW-R1. These
facts further support the assumption that the high frequency shoulder
in the spectra (Fig. 8(b) and (c)) is not caused by a TPB process.
Moreover, the activation energy of GFW-R2 excludes a possible elec-
trolyte effect as origin of the shoulder in the high frequency part ofthe spectra, since in the respective temperature range typical activa-
tion energies of oxygen ion conduction in bulk YSZ—about 0.8 eV
[57–59]—are signiﬁcantly lower. Rather, PtOx at the Pt|YSZ interface
is a realistic origin of the capacitively blocked reaction pathway and
thus of the high frequency impedance feature (Please note: The fact,
that impedance spectra recorded under reducing conditions could
not be described by the equivalent circuit, would also be in accordance
with this assumption, since PtOx should not be stable in H2.). However,
ﬁnal mechanistic conclusions on this additional area-related reaction
pathway cannot be obtained from the data available so far.
Fig. 10. Arrhenius plot comparing the geometry corrected inverse polarization resis-
tance corresponding to the TPB process from the present study with data from Ref. [11].
Fig. 11. (a) Fit parameters GFW-R1 and GFW-R2 plotted versus measurement time. The
electrode—191 μm on polycrystalline YSZ—was measured at 653 °C and exhibited PtOx
degradation; for raw data see Fig. 4(a). (b) Fit parameters GFW-R1 and GFW-R2 of a
191 μm electrode on polycrystalline YSZ (752 °C; PtOx regeneration) plotted versus
measurement time. (c) Fit parameters GFW-R1 and GFW-R2 of a 191 μm electrode on
YSZ (100) under impurity degradation at 719 °C plotted versus measurement time.
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reaction paths
To investigate the inﬂuences of both time dependent phenomena
on the oxygen exchange reaction, the evolution of the diffusion resis-
tances of both GFW-elements during degradation was analyzed. The
time dependences of both electrode polarization resistances (param-
eters GFW-R1 and GFW-R2) are plotted in Fig. 11, where (a) and (b)
display the changes during “PtOx degradation” and “PtOx regenera-
tion”, respectively. Obviously the reversible PtOx associated process
affects both parameters in roughly the same manner. This can be un-
derstood when assuming that PtOx is formed or removed at both the
Pt|YSZ two phase boundary as well as at the TPB region.
In case of the impurity associated continuous degradation on single
crystalline YSZ, however, a completely different behavior was ob-
served as depicted in Fig. 11(c). This degradation process predomi-
nantly affects GFW-R1, while GFW-R2 remains almost unchanged.
Consequently, only the elementary process at the TPB (and thus the
electrode surface pathway—cf. also Ref. [13]) is affected by the continu-
ous degradation, whereas the capacitively blocked pathway is only
marginally concerned. Moreover, this signiﬁcantly different behavior
— affecting of both pathways or of the TPB-pathway only—strongly sup-
ports the usage of two different polarization resistances for a meaning-
ful interpretation of electrochemical impedance results on Pt(O2)|YSZ.
5. Conclusion
The degradation and regeneration behaviors of the polarization re-
sistance of Pt thin ﬁlm model electrodes on YSZ were studied and two
independent processes causing long-time changes of the electrode
impedance could be separated. One of them, leading to degradation
as well as regeneration, is associated with the growth or depletion of
non-stoichiometric PtOx. This interpretation is strongly supported by
the observation that the effect vanished when measurements were
carried out in reducing atmosphere. The second process is most
probably caused by the accumulation of impurities at the TPB of the
electrodes and leads to continuous degradation of the electrode per-
formance. This continuous change of the resistance obeys a square
root law in time which suggests impurity diffusion to determine the
time dependence of changes in the polarization resistance.
Pt electrodes on polycrystalline YSZ exhibited only the PtOx associ-
ated phenomenonwhereas in case of single crystalline YSZ (100) elec-
trolyte both the PtOx and the impurity related effect were present. The
absence of the impurity induced degradation in case of polycrystalline
samples was discussed to be either due to the lower impurity levelsor due to grain boundaries impeding impurity diffusion within the
electrolyte.
Moreover, both processes causing time dependent changes of the
electrochemical behavior were also discussed in terms of their effects
on equivalent circuit parameters. The PtOx related effect was found to
inﬂuence the oxygen exchange reaction at the TPB and circuit param-
eters representing the Pt|YSZ interface. This can be understood when
assuming PtOx being present along the entire Pt|YSZ interface includ-
ing the TPB. The time dependent change related to impurities, how-
ever, only affected the electrochemical reaction at the TPB while the
Pt|YSZ interface was not inﬂuenced.
This observation strongly supports our previous interpretation
that the high variability of the TPB-related polarization resistance at
temperatures between 550 and 900 °C is associated with the thermal
pre-history of the Pt electrodes. In the present study, different thermal
65M.P. Hörlein et al. / Solid State Ionics 247–248 (2013) 56–65pre-treatments are discussed to affect a foreign phase at the electro-
chemically active TPB region, which can moreover explain the strong
discrepancies in reported literature data. Thus, it should be empha-
sized that it is difﬁcult to determine a characteristic TPB-related resis-
tivity which is really inherent to the system Pt(O2)|YSZ. Rather the
thermal pre-history is a crucial parameter for obtaining a reproducible
system.
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